Uncertainty quantification (UQ) has been achieved for the first time on the self-noise prediction of a low-subsonic axial fan. Realistic 5% and 4% errors are introduced on the volume flow-rate and the rotational speed, respectively, and a set of 81 ReynoldsAveraged Navier-Stokes (RANS) simulations of the fan mounted on an axisymmetric test plenum has been simulated at Clenshaw-Curtis points. By using the Stochastic Collocation method, extractions from this set of RANS simulations, and reconstructions of the wall-pressure fluctuations with two different models, uncertainties on global performances, wall-pressure distribution, and far-field noise spectra were obtained. The stochastic mean spectra are dominated by the tip strip and compare well with experimental data. Larger uncertainties are seen in the hub and tip regions, where large flow detachment and recirculation appear. Flow rate variations yield larger uncertainties on sound than do rotational speed variations.
Introduction
In modern rotating machines, significant effort has been expended to reduce or eliminate annoying discrete tones, either by passive devices or by active noise control. The next challenge is then to reduce the broadband contribution to decrease the overall noise level and meet new environmental noise regulations. The self-noise generated by rotating machines, caused by the scattering of boundary-layer pressure fluctuations into acoustic waves at the trailing-edge of any lifting surface, is a problem in many applications such as in wind turbines, laptop, or automotive cooling fan systems or in heating, ventilating and air conditioning devices. However, an accurate prediction of the sound by a low-speed fan system still remains a daunting task by a direct computation (compressible LES for instance), even in the near field of the blade.
In the present study, the noise predictions then rely on a strip theory combined with an acoustic analogy (Lighthill 1952) , originally developed by Schlinker & Amiet (1981) for helicopters rotors trailing-edge noise, and extended to finite chord lengths and general three-dimensional gusts by Roger & Moreau (2005) , and applied to low-speed fans by Moreau & Roger (2007) . The main input required by the theory is the wall-pressure trailing-edge spectrum that is usually obtained by means of unsteady aerodynamic flow computations or experiments. In order to further reduce the computational costs, approaches that model the pressure fluctuations needed for an acoustic analogy from steady RANS are often used (Casalino et al. 2010; Glegg et al. 2010; Rozenberg et al. 2010; Remmler et al. 2010) . These methods add more levels of modeling and the associated epistemic uncertainties grow, which may make the final acoustic prediction inaccurate and unreliable. The complete methodology, from RANS computation to noise prediction, is described in Section. 2. It can be seen as an extension of the trailing-edge noise models based on steady RANS simulations applied to a controlled-diffusion (CD) airfoil (Moreau 2009; Christophe et al. 2010) , to a full automotive axial fan. Two main parameters are controlling its operating condition: the volume flow-rate through the fan and the rotational speed. Uncertainty quantification (UQ) on both parameters are first considered in Section. 3. In Section. 4, the influence of all the parameters introduced in the RANS information extractions, the wall-pressure reconstruction, and the noise propagation is analyzed in a multi-parameters UQ study.
Methodology
The approach to UQ to compute fan trailing-edge noise is illustrated in Figure. 1. As in (Christophe et al. 2012) , a RANS computation of flow in a blade passage of the fan is first performed. The input parameters for this computation are the volume flow ratė Q and the rotational speed Ω. Both parameters are considered as main parameters for the uncertainty quantification on fan operating conditions (solid circle in Figure. 1). The computational setup, defined by the fan and tip gap are directly taken from the design of the experimental setup and is therefore considered as a minor source of possible error on the final sound prediction results. From this RANS computation, the primitive variables are extracted through a boundary-layer profile at the trailing-edge of the fan blade, at five radial positions along the blade span, illustrated in Figure. 3. Those variables are then used to reconstruct wall-pressure fluctuation spectra Φ pp . Finally, the latter power spectral densities provide the far-field sound spectrum S pp in the extended Amiet's theory (Roger & Moreau 2005) . A second source of uncertainty can be introduced in the present methodology (dashed circles in Figure. 1) corresponding to all the parameters involved in the data extraction of the boundary-layer profiles, in the wall-pressure recon-struction models and in the acoustic propagation model. Those parameters are defining a multi-parameter problem that are studied in Section. 4.
Geometry and numerical setup
The symmetric rotor considered here is a typical automotive cooling fan, illustrated in Figure. 2, with 9 blades designed for a best efficiency point at a volume flow-rate of 2500 m 3 /h at a rotational speed of 2500 rpm. The rotor is flush mounted on a plenum walls from which the static pressure rise across the fan is measured. The available experimental data include overall performances and acoustic power measurements at several flow-rates and rotational speeds obtained in a reverberant wind tunnel. The plenum is assumed axisymmetric so that a single blade passage, including the actual tip gap, is modeled and matching nodes are used at the periodic boundary conditions ). The flow is modelled with RANS computations using the shear-stress-sransport (SST) k − ω turbulence model in the ANSYS CFX 14 solver. The mesh has a total of 5.1 million hexahedral elements and is refined in the boundary-layers around the blade to reach dimensionless distances to the wall y + less than 5 in the trailing-edge region, where presently most of the sound production occurs. The volume flow-rate is set on the inlet surface of the plenum. The average pressure on the outlet surface is set to the reference pressure. Low-dissipation second-order numerical schemes are used for the flow variables (velocity and pressure) and a first-order scheme for the transport of turbulent quantities. To yield to repeatable and consistent results, once the maximum convergence is reached, solutions are averaged over the last 500 iterations.
Models for wall-pressure reconstruction and acoustic predictions
From the RANS mean flow, the wall-pressure fluctuation spectra Φ pp are reconstructed. First, Rozenberg's (YR) model (Rozenberg et al. 2010 ) uses only integrated boundarylayer parameters and reads
where Clauser's parameter is β C = (Θ/τ w )(dp/dx); Coles' parameter Π is given by the implicit law of the wake:
The numerical parameters C 1 = 0.5, C 2 = 1.404, C 3 = 1.1, and C 4 = 4.68 are considered later as uncertain parameters.
Secondly, using Panton & Linebarger's (PL) model (Panton & Linebarger 1974) , Remmler et al. (2010) derived an expression for the wall-pressure spectrum
with the energy spectrum of the vertical velocity fluctuations:
The model therefore uses the streamwise mean velocity profile U 1 (y) and the crosswise velocity fluctuation profile u 2 (y). Both velocities and the velocity correlation length scale Λ are calculated from the RANS outputs. The velocity correlation function R 22 and the scale anisotropy factor α need to be modelled. The integration is performed with a Monte Carlo method using importance sampling for enhancing convergence (Remmler et al. 2010) .
As shown by Roger & Moreau (2005) , the trailing-edge noise can then be obtained by iteratively solving scattering problems at the airfoil edges. The random predicted sound field in the midspan plane at a given observer location x = (x 1 , x 2 , 0) = (R, θ, z = 0) and for a given radian frequency ω a (or wavenumber k a ) then reads
where l y is the spanwise correlation length defined by l y = bcUc ωa with b c = 1.47. The radiation integral L involving both the free stream velocity U e and the convection speed as parameters can be found in Roger & Moreau (2005) .
In case of rotation, the far-field noise PSD of a low solidity fan with B independent blades is given by an integration over all possible azimuthal positions of the single airfoil formulation (2.4) (Schlinker & Amiet 1981) :
The factor ω e (Ψ)/ω a accounts for Doppler effects caused by the rotation. In order to take into account the variation of the flow along the airfoil span, the blade is split in 5 segments, as in Christophe et al. (2012) , and the total radiated sound is then the summation of the sound emitted by each airfoil strip.
UQ method and determination of random variables
Among the classical methods for stochastic differential equations, the stochastic collocation (SC) method has shown its reliability and efficiency compared to classical Monte Carlo (MC) methods in a previous study on uncertainty quantification on the CD airfoil . The latter prescribes ensemble random inputs to the equations to solve and then collect their ensemble solution realizations. The SC method approximates the stochastic output of a model by projecting it onto a Lagrange polynomial basis, and the stochastic solution is evaluated at a discrete set of points, according to a nested Clenshaw-Curtis quadrature sharing abscissa for different accuracy of interpolation.
As introduced above, only the parameters defining the operating conditions are considered for uncertainty quantification in a first step. The volume flow rate is defined with a 5% error bound around 2500 m 3 /h. The variation of this variable mainly depends on discrete events, such as dirt in the upstream heat exchanger, quality and nature of the fan, and cooling module assembly and manufaturing. A uniform probability density function (PDF) is therefore considered. The variation of rotational speed mainly depends on the motor manufacturing quality and is thus defined by a Gaussian PDF. A usual process dispersion for automotive electrical motors is ±100 rpm. The rotational speed is thus defined with a 4% error bound around 2500 rpm. For these two variables considered independently, a set of 9 RANS computations are determined using a Clenshaw-Curtis quadrature. For the two-dimensional uncertainty quantification involving both variables, a full tensor grid of 81 RANS computations is used. In a second step, using the determinitic RANS computations, 9 parameters involved in the YR model are considered for uncertainty quantification: the distance from the trailing-edge along the chord-line to extract the boundary-layer profile (2% chord), the C 1 to C 4 coefficients of the YR model, the density (ρ = 1.185 kg/m 3 ), the speed of sound (c 0 = 340 m/s), Corcos' constant b c , and the convection velocity coefficient (U e /U c = 1.43). All parameters are defined with a uniform distribution with a 5% variation around their mean. For this multi-parameter problem, sparse grids are used in order to reduce the number of samples to 871 allowing an acceptable computational time.
UQ on fan operating conditions
One-dimensional results on the operating conditions are first analyzed in Figure. 4 showing the iso-contours of the standard deviation from the 9 samples used in the SC method for each variable (volume flow rate and rotational speed), on the suction and pressure side of the blade. The two considered parameters are influencing different zones of the blade surface. For the volume flow rate, a large standard deviation is observed on the suction side of the airfoil, especially at the tip of the blade near the trailing-edge region, owing to large variations of the recirculation zone under the rotating ring, as it has been already highlighted in the URANS and SAS simulations on this fan . A second zone of large standard deviation is also observed at the hub on the pressure side corresponding to the flow detachment at the blade leading edge created by the blade cusp. In case of rotational speed variations, the standard deviation of the pressure presents large amplitudes on a broader part of the blade, on both sides, around the leading edge up to mid-chord. The volume flow rate thus mainly influences the size of the recirculation zones while the rotational speed modifies the complete blade pressure distribution.
A comparison of the fan overall performances with the error bar emphasizing the uncertainty interval in case ofQ variations is presented in Figure. 5 for the pressure rise. Two experimental curves are provided as they represent the maximum experimental range of variations obtained on this fan between the many mock-ups and prototypes tested. It should be stressed that the error range on the volume flow rate was chosen to cover the experimental uncertainty, and the resulting uncertainty range on the pressure rise matches the experimental scattering well.
In Figures. 6 to 12 , the spectra of the total simulated sound PoWer Level (PWL) for both YR and PL models are compared with two sets of experimental data, one collected on an engine cooling module in a semi-anechoic chamber and one collected in a reverberant wind tunnel. Both models yield good agreement with the experimental broadband spectra stressing the significant contribution of this mechanism at design condition. The PL model presents a small under-prediction of about 3 dB over the whole frequency range, but a better overall shape especially at low frequencies compared to the reverberant wind tunnel data.
Figures. 6 and 7 provide the one-dimensional UQ results for a variation ofQ for the YR and PL models respectively. The simulated PWL corresponding to the different strips discretizing the blade are shown together with their uncertainty bars. As shown in Moreau et al. (2012) , the obtained sound spectra have shapes, amplitudes, and uncertainties similar to the trailing-edge wall-pressure spectra, indicating a direct propagation of the amplitudes and uncertainties through the noise propagation model. Larger uncertainties are obtained in the hub and tip regions as observed previously. The largest uncertainty bars at low frequencies in the tip region correspond to the large standard deviations seen in Figure. 4 and are related to the local large-scale flow separation under the fan ring. In the PL model, some lack of convergence in the integration of Eq. (2.2) by a Monte Carlo method could also contribute. At the hub, the largest uncertainties could be traced to the small scale structures created by the blade cusp. The total sound radiated by the complete blade is mainly caused by the noise emitted by the tip strip 5 with almost similar mean amplitudes. At high frequencies, the strip 4 also contributes to the total sound spectrum for the YR model whereas almost all blade strips contribute to the PL model. Moreover, the uncertainty bars for the complete blade are reduced compared with those of the tip strip. The complete fan noise spectrum is thus dominated in amplitude by the tip region while the uncertainty bars are related to uncertainties observed along the complete blade span. A proper control of the flow along the complete blade span is then necessary to reduced the uncertainties on the radiated sound. Finally, the PL model seems to yield lower overall uncertainty than the YR model. Figures. 8 and 9 show the corresponding one-dimensional UQ results for a variation of Ω for both YR and PL models. The same mean total spectrum dominated by the tip strip is obtained. The uncertainties (less than 1 dB) are, however, much smaller than for a variation of flow rate. Therefore, the process dispersion on the rotational speed does not trigger significant uncertainties on the fan trailing-edge noise.
Figures. 10 and 11 show the corresponding two-dimensional UQ results for variations of bothQ and Ω for the YR and PL models respectively. A similar mean total spectrum dominated by the tip strip is again obtained. The uncertainty bars for both models now lie in between both one-dimensional UQ results on each separate performance parameter, yielding 2 to 6 dB for the YR model and 3 to 4 dB. The PL model therefore gives smaller uncertainties than the YR model, more uniformly spread over the whole frequency range.
UQ on post-processing and noise propagation methods
As discussed in Section. 2, a second source of uncertainty comes from all the parameters that are introduced in the data processing from the RANS data extraction to the noise prediction as described in Figure. 1. The determinitic RANS computation at nominal conditions is taken as a reference flow field, and only the YR model with the 9 stochastic parameters described in Section. 2.3 is considered here. As a full tensor grid with 9 CC points for each parameter would yield an unrealistic number of simulations, a sparse grid is used instead. The final multi-parameter UQ result is shown in Figure. 12. Small constant uncertainties (a 5% variation around their mean) on the combined 9 parameters yield small sound uncertainty. Similar uncertainties, within 1 dB, were also obtained with a one-dimensional UQ on the separate parameters. Therefore, provided the model coefficients are known with some certainty, the predicted noise post-processing introduces little uncertainty
Conclusions
An uncertainty quantification has been achieved for the first time on the self-noise prediction of a low-subsonic axial fan, for which detailed experimental aerodynamic and acoustic data as well as many steady and unsteady simulations exist. Both experimental and numerical data show some significant variations even at the design conditions. To account for the actual experimental and process scattering, realistic 5% and 4% errors about the mean are introduced on the volume flow-rate and the rotational speed respectively, and a maximum set of 9 steady RANS simulations of the fan mounted on a typical industrial test plenum has been simulated for each parameter, yielding a 81 full tensor-grid, to quantify the uncertainties on the resulting flow field using the SC method.
Extractions from this set of RANS simulations help to determine the uncertainty interval on global performances, boundary-layer profiles, wall-pressure distribution, and far-field noise spectra. The uncertainty bars obtained on the overall pressure rise match the experimental scattering quite well. By looking at the flow topology and particularly at the wall-pressure field, the variations are mainly located in the tip region along the last extraction line under the fan rotating ring. This also corresponds to the discrepancies seen between the recent RANS, URANS and SAS (scaled-adaptative-simulation) results. The uncertainty bars on the wall-pressure distribution and boundary-layer profiles show two different behaviors. On the one hand, close to hub and tip, large error bars are caused by the local flow separations. On the other hand, the other three sections bear similarities with the previous results on the CD airfoil from which this blade is constructed: flow attached over most of the blade chord with a growing boundary-layer caused by the adverse pressure gradient, except close to the leading-edge where the laminar flow separation introduces the largest uncertainties. Two models (PL and YR) are then used to reconstruct the trailing-edge wall-pressure spectra based on the RANS estimations of the turbulence. The latter are then the main inputs for the trailing-edge noise models based on Amiet's theory. The noise spectra obtained with both PL and YR models agree very well with two sets of experimental data on this fan, stressing the importance of this noise mechanism. The shapes, amplitudes, and uncertainties are similar to the trailingedge spectra, showing a direct propagation of the amplitudes and uncertainties through the noise propagation model. The final noise spectra of the complete fan are dominated in amplitude by the tip region whereas the uncertainty bars are related to uncertainties observed along the complete blade span. A proper control of the flow along the complete blade span is then necessary to reduce the uncertainties on the radiated sound. The un-certainties introduced by the variations on volume flow rate are much larger that those given by the rotational speed, and the combined effect of both fan parameters yields a 2-6 dB uncertainty on the far-field noise, with larger variations obtained with the YR model. Finally the effect of the various parameters involved in the fan noise prediction from RANS simulations has been achieved for the YR model at nominal operating conditions: provided a reasonable knowledge of their values (5% variation about the mean), the trailing-edge noise prediction is hardly affected (less than 1 dB).
